The circular economy has become the focus of a recent major EU policy program, which aims at the transformation towards environmentally sustainable modes of production and consumption. This has moved parts of the forest and related bio-based industries to envision their operations in terms of a circular economy. However, the meaning and implementation pathways of the concept often remain vague and ambiguous. At the same time, bio-based industries have a long history of discussing and partly realizing wood cascading. This concept strongly overlaps with circular economy ideas as it describes activities to increase the efficiency of biomass utilization. This article takes stock of wood cascading research and identifies major influencing factors for its realization to provide a comprehensive knowledge base for discussions about the circular economy in forest and related biobased industries. Based on a review of peer-reviewed literature, we find substantial knowledge available on the factors influencing the realization of wood cascading. These factors largely resemble what is currently being discussed as barriers and enablers of circular economy. Some crucial influencing factors, like policy limitations, are frequently highlighted but remain barely investigated. In addition, the various influencing factors are interdependent, making a conclusive assessment of the environmental impacts of a change to certain cascading activities extremely challenging. The challenges of quantitative assessments combined with the substantial knowledge gaps on political and socio-economic factors result in certain assumptions and political recommendations that hardly appear to be based on empirical evidence. We therefore suggest scrutinizing these assumptions and filling knowledge gaps, especially related to product design, potentials and limitations of longlived products, and avoidance of waste generation.
Introduction
The circular economy (CE) research landscape is rapidly growing in response to an increasing political promotion that seeks to overcome global sustainability challenges. In this context, the scientific community aims to reach a consensus on the meaning of this concept and on which approaches will enable its successful implementation. Several review articles have already collected a wide variety of CE definitions, principles and interpretations in order to provide a systematic overview for further research and practical applications (e.g., Blomsma and Brennan, 2017; Geissdoerfer et al., 2017; Ghisellini et al., 2016; Kirchherr et al., 2017; Murray et al., 2017) . Closing resource loops is the main idea behind CE (Murray et al., 2017) , which is also often described as regenerative and restorative due to the circulation of materials and nutrients in the biosphere (Ellen MacArthur Foundation, 2015) . When dealing with its core principles, scholars mainly refer to the R framework (i.e., reduce, reuse, recycle or remanufacture), the waste hierarchy, a systems perspective based on implementation scales (i.e., micro, meso and macro), and sustainable design strategies (Ghisellini et al., 2016; Kirchherr et al., 2017; Prieto-Sandoval et al., 2017) . The relationship between CE and environmental, social and economic sustainability, however, remains unclear as the literature views CE in disparate ways, as a precondition, a benefit or a tradeoff to sustainability (Geissdoerfer et al., 2017) . This variety of definitions results in a lack of agreement about the relationship to sustainability; a major challenge for current research is to determine the main factors influencing the success or failure of transitioning into a more sustainable CE. While the analysis of these factors is slowly emerging, results are not always in agreement. Kirchherr et al. (2018) determine, through surveys and expert interviews, that cultural aspects are the main barriers to CE implementation in the EU, whereas technological limitations are not core challenges. In contrast, de Jesus and Mendonça (2018) , in a review of policy documents and academic literature, identify technological and financial factors as the main pressing barriers.
To contribute filling this research gap, this article takes stock of wood cascading studies and identifies major influencing factors for its realization to draw lessons for potential transformation pathways towards a sustainable CE in the bio-based sector. The EU Action Plan for the Circular Economy (European Commission, 2015) lists biomass and bio-based products as a priority area, as the bio-based sector is one of the most resource intensive in Europe (Lutter et al., 2016) . Additionally, the so-called "bioeconomy" is promoted in European policies to achieve a transition from an economy mainly based on fossil fuels to a more resource-efficient economy using bio-based resources (e.g., German Federal Ministry for Education and Research, 2010; European Commission, 2012; FORMAS, 2012) . This approach, however, is contested in scientific and societal debates, as it has a strong focus on technology but does not sufficiently reflect alternative implementation pathways or sustainability requirements (Priefer et al., 2017) . With 15 billion tons of biomass used worldwide in 2011, the prospects of a sustainable bio-based sector will highly depend on the availability of sustainable biomass resources (Scarlat et al., 2015) . The cascading use of bio-based products is promoted in bioeconomy strategies as an answer to potential biomass limitations (Meyer, 2017) . In this sense, the EU Action Plan promotes the cascading use of biomass in the CE for a more efficient resource use (European Commission, 2015) .
Wood cascading is a concept with a long history of debate and analysis in EU bio-based industries (Olsson et al., 2016) . It strongly overlaps with CE ideas as it describes activities to increase the efficiency of biomass utilization, which provides a comprehensive knowledge base for discussions about CE in forest and related bio-based industries. The cascading analogy to "a river flowing over a sequence of plateaus" was first introduced by Sirkin and ten Houten (1994) as a general tool for achieving sustainability in resource use. The concept of cascading aims to increase the efficiency of biomass utilization by reusing, recycling and ultimately generating energy, but there is no common definition and understanding of it. Based on Odegard et al. (2012) , three approaches can be distinguished. The first approach, cascading in time, is conceptualized as a sequential use of biomass ( Fig. 1 ). This implies reusing or recycling a bio-based product, with energy production at the end of the life cycle; paper recycling and particleboards are conventional examples, but more innovative solutions including bioplastics are also possible. In the second approach, cascading in value, the time steps of the cascade can be optimized by prioritizing the highest possible value over the whole life cycle. The third approach, cascading in function, optimizes co-production. In these two cases, more efficient biomass use is intended by a successive processing of the total biomass into different products for varying areas of use. This understanding is primarily applied in the context of biorefineries, which involve both conventional waste-to-energy strategies and new pathways for energy use out of waste wood, such as chemicals or bioplastics. Overall, conceptual considerations and practical applications of cascading are very popular in the wood sector.
Despite the political promotion of cascading use, research has yet to study this strategy in the CE context. Both concepts share some similarities but most research has been conducted independently (Mair and Stern, 2017) . In fact, cascading is thought to help understand the meaning of circularity (Bezama, 2016) . As the barriers and enablers to a sustainable CE have yet to be addressed in detail, taking stock of existing knowledge in the field of wood cascading could shed light on the challenges of CE implementation in the bio-based sector. This leads to two questions: (i) What are the main factors influencing the realization of wood cascading? (ii) What can we learn from wood cascading to achieve a sustainable CE in the bio-based sector, and specifically, which potential gaps in wood cascading studies are relevant for CE research?
To answer these questions, we conducted a review of the scientific literature dealing with wood cascading. The paper has the following structure: Section 2 describes the collection of research articles and the structure of the data analysis. The factors influencing the implementation of cascading are described in Section 3, along with their prominence and coverage in the literature. Section 4 wraps up the analysis by highlighting our main findings, research gaps and recommendations for further research in the context of a CE in the biobased sector.
Material and methods

Data collection
This article builds on existing wood cascading research in order to identify the main factors influencing its practical implementation. Our research started in December 2017 with a collection of peer-reviewed journal articles and book chapters published in English since 2007 to gain insights into the most recent scientific discourses in the wood Fig. 1 . Defining cascading through time, value and function based on Odegard et al. (2012) . [Value does not express monetary value but the fitness of the product for repurposing, reusing, remanufacturing or recycling.] sector. We used the search terms "wood AND cascad*," "wood cascad*," "wood recycl*," "wood upcycl*," "wood AND recycl* AND cascad*," and "wood AND circular economy." Through ScienceDirect, Web of Science, and Scopus, we retrieved 694 papers that contain the search terms in the title, keywords and/or abstract. Furthermore, we applied a snowball process to cover additional articles deemed important in the cascading literature; thereby older studies, including conference proceedings, were added to the sample. Papers dealing with unrelated topics (e.g., chemical processes using wood) or those mentioning wood cascading very briefly were excluded. This ensured that the topic coverage of the studies aligned with our research questions. The analysis included 41 peer-reviewed publications. All publications are listed in Table S1 in the Supporting Information, which consist of empirical assessments, conceptual papers on wood cascading and literature reviews.
Data analysis
The analyzed publications include theoretical discussions on wood cascading, as well as empirical results providing preliminary guidance on the performance of cascading. We screened each publication for contents that directly or indirectly point to the factors affecting the implementation of cascading use. In addition, several authors reported on the limitations of their studies, potential applications and recommendations, which were then included in our list for a more comprehensive assessment of current views and debates. This process resulted in a list of 186 statements (i.e., quotations) and, when too broad, key messages of the paper (i.e., summary of paper statements on a specific issue) (see Table S2 in the Supporting Information). Based on the data collected from the literature, we organized the information using a concept map (see Fig. S1 in the Supporting Information). While concept maps follow a top-down approach (Eppler, 2006) , data were analyzed from a bottom-up perspective to classify the information inductively and subsequently identify associations. To do so, we went through the statements and retrieved the underlying influencing factor (s) of each statement. An influencing factor refers to a particular issue raised in one or more statements. Take, for instance, the statements "the presence of adhesive may be a barrier further on in the cascade," (Fraanje, 1998) and "because it has not been possible hitherto to determine the (chemical) contamination of waste wood [...] the priority with waste wood lies in its use for energy recovery" (Werner et al., 2010) : these and similar statements were categorized under the influencing factor pollutant and chemical content. We generated a list of 55 influencing factors, which are grouped into categories to ease the analysis of results (see Section 3.1). These categories are defined inductively to depict common features of the influencing factors. For instance, pollutant and chemical content was classified under physical requirements. Additionally, in their assessments of the barriers to CE, de Jesus and Mendonça (2018) and Kirchherr et al. (2018) note that potential interactions among barriers might happen. In light of this, we used to the concept map to help identify relationships among influencing factors. Werner et al. (2010) quote mentioned above is an example that interlinks chemical contamination with final use prioritization, i.e., energy production over material cascading. Any nuances in the statements that might hinder a clear interpretation were also discussed by the authors to reach intersubjective plausibility (Sousa, 2014) , a shared understanding of the statements. After listing the influencing factors addressed in the literature, we investigated their prominence. This is determined based on the frequency of influencing factors mentioned in the publications. As most publications refer to more than one influencing factor, we account for the presence or absence of each influencing factor in each paper. In this sense, one mention means that the influencing factor appears only in one paper. Any influencing factor is accounted for only once even if it is mentioned more than once in a single paper. A detailed account of the prominence is shown in Table S3 in the Supporting Information.
Results
Mapping the influencing factors
The literature review sheds light on a large number of factors that could affect the implementation of wood cascading. Using a concept map, we identified 55 influencing factors referring to 5 categories, namely policy, market, technical implementation, environmental effects and stakeholder involvement. This categorization partially aligns with the findings and classification of barriers to CE from de Jesus and Mendonça (2018) and Kirchherr et al. (2018) , as we identified some additional factors related to environmental effects. Table 1 shows the resulting classification. For a more detailed analysis, most categories were disaggregated into subcategories. The main discussions on legislation and incentives are categorized as policy, whereas the access to secondary wood resources and industrial competition are examples of factors categorized as market. The technical implementation of wood cascading is divided into design practices, physical requirements (e.g., wood material properties), and processes related to the waste management infrastructure. The environmental effects reflect forest management issues and current results and limitations of quantitative studies dealing with wood cascading. The influencing factors retrieved from the latter studies refer to both empirical results and assumptions on carbon storage in wood products, as well as the main methodological barriers that environmental assessments need to overcome. Finally, stakeholder involvement consists of both the role of producers and consumers in the acceptance and feasibility of secondary wood use, and the degree of communication and information exchange along the supply chain.
Significance of the individual influencing factors in the literature
The results retrieved from the literature were analyzed for frequency. First, Fig. 2 presents the prominence of each category and subcategory based on the number of times they are mentioned in the publications. The main discussions refer to physical requirements, quantitative assessments of the environmental effects of wood cascading, and waste wood regulation. These subcategories are present in the literature 34, 25 and 22 times, respectively. Second, we show the influencing factors mentioned five or more times in Table 2 to gain insight into the most prominent factors. Legislation on wood recycling as well as pollutant and chemical content were each identified in 11 publications. Their relationship is described in Sections 3.3 and 3.5.3. The challenges of conducting quantitative assessments are also broadly discussed, with data availability and reliability being key influencing factors. In contrast, less attention is paid to design aspects and stakeholder involvement. In particular, influencing factors related to the role of producers and consumers are only mentioned five times in the literature (Fig. 2) . All influencing factors are listed along with their prominence in Table S3 in the Supporting Information. The main discussions about all categories and influencing factors are described in detail in Sections 3.3 to 3.7.
Policy
The main policy factors influencing the cascading practice are linked to existing legislation on wood recycling (e.g., Bergeron, 2014; Fraanje, 1997; Garcia and Hora, 2017; Höglmeier et al., 2017; Husgafvel et al., 2018; Kalcher et al., 2017; Keegan et al., 2013; Sommerhuber et al., 2017 Sommerhuber et al., , 2015 Werner et al., 2010) and the lack of specific incentives to promote and sustain the material use of wood (e.g., Husgafvel et al., 2018; Taskhiri et al., 2016; Winder and Bobar, 2018) .
Waste wood regulation
National policies on waste wood and its recycling are well discussed in the literature. For instance, Bergeron (2014) and Werner et al. (2010) show how the legislation in Switzerland plays a fundamental role in determining the end-use of wood. In particular, due to the possible presence of chemical compounds and pollutants, waste wood does not comply with the precautionary principle, which constitutes a fundamental pillar of Swiss environmental legislation in wood. Additionally, identifying wood contamination is complex (see Section 3.5). For these reasons, reuse and recycling of waste wood "has remained an exception with small volumes" in the Swiss context and thermal energy recovery has been prioritized (Werner et al., 2010) . In Germany, Höglmeier et al. (2017) describe regulations as "strict," in particular in light of future improved sorting technologies for waste wood separation (see Section 3.5). The German Waste Wood Ordinance (German Government, 2003) classifies waste wood into five categories (AI, AII, AIII, AIV and PCB waste wood) based on the wood treatment, the amount and type of chemical additives and components (paints, glues, preservatives etc.) . A similar classification exists in Finland, 1 as described by Suominen et al. (2017) . A suitable end of life is then indicated (i.e., material use, energy use or non-hazardous disposal) depending on the level of danger associated with chemical compounds (see Garcia and Hora, 2017 or Höglmeier et al., 2017 for further details). In particular, only categories AI and AII allow for further material use without pre-processing because wood has been treated with paints and glues instead of more dangerous compounds. Although in principle the highest application in the waste pyramid should always be favored (i.e., material over energy over disposal), this is not always the case. In fact, not all the AI and AII 1 Categories are labeled A, B, C and D and are analogous to the AI, AII, AIII and AIV classes in German regulation.
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wood is destined to material use but is often sent to incineration facilities, since the legislative requirement for these categories leaves this option open despite the suitability of material use (Garcia and Hora, 2017) .
Energy and resource policy
The prioritization of the energy conversion of wood is addressed by several scholars, who highlight the existence of incentives to energy production as one of the key factors that are currently limiting the potential of cascading (Bergeron, 2014; Garcia and Hora, 2017; Husgafvel et al., 2018; Keegan et al., 2013; Sikkema et al., 2013) . Particularly in Europe, current policies tend to favor the conversion of wood into energy because of the CO 2 emission reduction requirements of the energy sector, thus favoring the increased use of renewable sources to meet short-term energy targets (Bais-Moleman et al., 2018) .
In parallel, there is a lack of incentives for the material use of wood. Several authors share the idea of providing a "level playing field" between energy and material uses of wood through proper policy incentives (Fraanje, 1997; Keegan et al., 2013; Sikkema et al., 2013) . Similarly, the necessity to reform the taxation mechanisms is also mentioned as a type of sub-optimal legislative framework. In particular, Fraanje (1997) discusses the need to shift tax burdens away from labor and onto resources, thus incentivizing a more efficient use of resources. Keegan et al. (2013) also mention the taxation of fossil fuels and nonrenewable carbon as a way "to promote a level playing field between fossil and biomass resources" and "to promote biomaterial use". An additional limiting factor is that policies dealing with energy and waste are independent from one another (Bergeron, 2014; Husgafvel et al., 2018; Keegan et al., 2013; Suominen et al., 2017) . Thus, a comprehensive policy-making process is needed to develop procedures aimed at optimizing the exploitation of resources.
Market
Economic competitiveness
Following the policy discussions, the competition between energy and material uses of wood is a prominent topic among scholars and a feature of cascading influenced by many other factors. The increased demand for wood products is often characterized by two mutually exclusive options: thermal energy conversion through combustion or material transformation into a product (Haberl and Geissler, 2000; Höglmeier et al., 2015a) . Prioritizing one use over the other depends on many factors and in general varies with the selected evaluation criteria (Bais-Moleman et al., 2018; Suter et al., 2017; Werner et al., 2010) . The prioritization of the conversion of wood into energy and the respective policy instruments cause a greater profitability for thermal energy conversion, thus incentivizing waste wood collectors to sell their products to energy conversion facilities instead of re-entering them into the cascading chain (Garcia and Hora, 2017 ). In addition, country policies tend to support thermal energy conversion due to the "sunk cost" in existing combustion facilities. Werner et al. (2010) argue that the unique prioritization of the thermal energy conversion of wood "cannot be considered efficient from a climate perspective" and should therefore be changed, implementing the energy conversion of wood only when no further material use is possible.
Market risks
In the aforementioned context, cascading might play an important role in influencing the economic risks of the involved stakeholders. In particular, it is important to mention the greater complexity of the material use of wood over energy use (Husgafvel et al., 2018) . While the latter only requires collection, transportation to the incinerator and minor treatment, wood recycling or reuse requires additional sorting, cleaning, chemical or mechanical treatment, transportation to the processing facility and additional administrative work. All these phases add up to the final cost of re-entering wood into a cascading chain and make material use less competitive. Additionally, the demand for cascaded products is small and each market segment has to be properly incentivized to supply products with a particular quality (see Section 3.5.2). Moreover, cascading use inherently depends on upstream wood flows, meaning that any industry using waste wood as its primary material has little to no control on its supply (Husgafvel et al., 2018) .
Technical implementation
Design
For a product to be reused/recycled, its initial design phase is crucial. In particular, improvements in project planning (Fraanje, 1998; Höglmeier et al., 2017; Winder and Bobar, 2018) and the emergence of new technologies for better design of wooden products (Brunet-Navarro et al., 2018; Winder and Bobar, 2018) have been mentioned as enabling factors for more and better cascading implementation.
In the building demolition sector, the problem of product design is particularly relevant: building elements are usually tailored to the given building's needs and not constructed for reuse (Kalcher et al., 2017) . The disassembly and reuse of building components is particularly difficult when wood is incorporated into construction elements, which are then typically landfilled (Sathre and González-García, 2014) . Höglmeier et al. (2017) suggest that a deep level of knowledge is necessary during the design phase of the materials as well as the construction and deconstruction phases.
The design phase of buildings, in addition, is strictly related to prescriptive policies and quality codes. In this sense, the design phase would benefit from improved legislation implementing specific building codes that should address the need to design buildings and building elements that can be reused or recycled at the end of their lifetime (Bates et al., 2017; Winder and Bobar, 2018) . Finally, architects and designers should also be properly incentivized to consider cascading principles in the conception of their products. Husgafvel et al. (2018) indicate that incentives for companies using wood products with small dimensions could help overcome the profitability barriers that currently hinder the development of this particular market segment.
Physical requirements
Physical requirements are also a fundamental aspect for implementing cascading. Many influencing factors were included in this group but the presence of chemicals in waste wood is the most prominent factor in preventing the reuse or recycling of waste wood (Table 2 ) (e.g., Bergeron, 2014; Kalcher et al., 2017; Suominen et al., 2017; Teuber et al., 2016) . In particular, the presence of chemical components prevents waste wood from being classified as reusable or recyclable due to health issues, thus making incineration the only feasible end-of-life option (Section 3.3).
Although often addressed as a key barrier, the presence of additives is not discussed in the literature in terms of necessity, i.e. none of the analyzed papers investigates the production practices that lead to the use of chemical additives that prevents the possibility for material uses of waste wood. This could be due to a lack of knowledge about the specific production processes and requirements in the industry from academics and policy-makers. In their conclusions, Keegan et al. (2013) doubt that implementing more regulation to foster cascading is enough, arguing that this needs to be accompanied by an increased technical knowledge concerning the specific production processes in the wood sector.
Another set of fundamental physical requirements includes wood quality (Höglmeier et al., 2017; Husgafvel et al., 2018; Kalcher et al., 2017; Rettenmaier et al., 2014; Winder and Bobar, 2018) , particle size (Höglmeier et al., 2017; Höglmeier et al., 2015a; Husgafvel et al., 2018; Kalcher et al., 2017) and moisture content (Husgafvel et al., 2018; Knauf, 2015; Rettenmaier et al., 2014) . These factors are directly connected to the main characteristics of the original wood products and collected waste wood.
Particle size represents a significant limitation to material use. Husgafvel et al. (2018) conclude that packaging has the highest potential for using recycled wood, as well as other processes where small sizes are not a barrier, such as "finger jointing" (specific junction between two wooden parts). Höglmeier et al. (2015a) specify a maximum of three cascading steps for wood panels because particle size decreases after each step. In contrast, building deconstruction is a suitable cascading source because larger wood portions can be recovered (Höglmeier et al., 2017) .
Infrastructure
The most relevant influencing factor in the infrastructure category is the quality of waste wood collection and the state of sorting facilities and technologies. Bergeron (2014) explains that the predominance of the thermal energy conversion of waste wood is due to the presence of a large number of incinerators coupled with the total absence of waste wood sorting facilities.
Winder and Bobar (2018) reveal a strict connection between infrastructure capabilities, existing policies and cost considerations, all of which might limit or foster an increased implementation of cascading. In particular, due to the poor quality of wood sorting infrastructure, several German companies have declared they do not follow the legal requirements of classifying wood according to the AI-AIV categories (Section 3.3) mainly because of increased direct and indirect (time and organizational) costs. In practice, sorting procedures still represent a barrier across the whole spectrum of waste wood (Husgafvel et al., 2018) and in many cases happens only based on "visual assessments" (Höglmeier et al., 2015b) . Costly chemical analyses are often required for proper sorting, which motivates companies to choose the "safest" category in case of uncertainty (Winder and Bobar, 2018 ). In addition, the material use of wood is dismissed in favor of the energy conversion because of the wood material losses that could occur within waste sorting facilities and during recycling operations (Höglmeier et al., 2017; Höglmeier et al., 2015a; Suter et al., 2017) . In this context, increased "intelligence" in wood products and components from the design phase might facilitate the sorting process and increase the amount of collected waste wood that is classified as suitable for cascading (see Section 3.7.2).
Finally, one aspect that lies between the realm of infrastructure and communication-related factors is the existence of appropriate logistic chains. In particular, Garcia and Hora (2017), Keegan et al. (2013) and Taskhiri et al. (2016) name logistics as a factor that limits the implementation of cascading practices due to the sheer difficulty and economic expenses related to the collection of waste wood and its transportation from a collection site to a recycling facility and then, to a distribution network. In many cases logistics represent one of the largest costs for these networks. Taskhiri et al. (2016) find that transportation accounts for 89% of total logistics costs and conclude that a greater incentive towards cascading use would arise from the optimization of the overall logistics chain.
Environmental effects
Quantitative assessment
About half of the publications included an environmental assessment of wood cascading using tools such as life cycle assessment (LCA) or greenhouse-gas emission accounting. As a result, modeling principles or data sources are key issues for quantification (Table 2 ). Almost all of these studies point to the lack of reliable data as a major source of uncertainty and ambiguity in their results (Bais-Moleman et al., 2018; Bates et al., 2017; Bergeron, 2014; Fraanje, 1998; Höglmeier et al., 2015a; Kalcher et al., 2017; Lafleur and Fraanje, 1997; Mantau, 2015) . Such uncertainty complicates the translation of cascading principles into effective policies, in particular when the competition between material and energy uses of wood must be assessed (Section 3.3). Some authors obtain mixed results when comparing different solutions for waste wood utilization; in particular, the comparison between energy and material uses is not conclusive since the evaluation depends on the criteria chosen for the comparison and initial data quality.
In general, most LCA studies cannot be compared because they use different functional units and system boundaries. In their review of LCA publications on wood cascading, Thonemann and Schumann (2018) note that assessments focus on either single or multiple steps of the cascading system, which generates a variety of results. In terms of modeling, allocation methods (e.g., cut-off, substitution, closed loop) also play a key role in determining the best cascading configurations (Nicholson et al., 2009) . Additionally, identifying the products that cascade uses are substituting is not straightforward. Most studies expand the system boundaries to include the credits of substituted equivalent products, such as electricity, reinforced concrete, floorboards or ceramic tiles (e.g., Höglmeier et al., 2015b; Kim and Song, 2014; Sikkema et al., 2013) . However, uncertainties about proper time scales and, in particular, evolution in time of the wood sector lead scholars to create a variety of substitution scenarios. Material cascading implies a delayed production of energy that can be counterproductive in environmental terms, as future technologies might be more environmentally friendly than wood combustion (Höglmeier et al., 2015b; Sandin et al., 2014) . A similar problem arises when accounting for biogenic carbon emissions, as their impacts are negligible in the long term (Suter et al., 2017) . These environmental analyses are meant to ease decision-making and approach sustainability by using empirical data. Nevertheless, Winder and Bobar (2018) note that conducting LCAs is costly and not mandatory for companies, which complicates the definition of sustainability criteria for supply chain management.
Forest management and carbon storage
One particular group of factors that influences the development and implementation of the cascading practice concerns the capability of wood products to store carbon and thus contribute to climate change mitigation. In this perspective, the main consequence of cascading is the lifetime extension of wood products and the postponed release of carbon stored in products into the atmosphere. Bates et al. (2017) develop a 100-year analysis of carbon storage in wooden products for carbon offset projects and conclude that the cascading practice should be incorporated into accounting protocols for its carbon storage characteristics, which vary greatly according to the context, the type and lifespan of products and the available end-of-life options. On the one hand, Bates et al. (2017) note that landfilling products would be the only option to guarantee permanent (or at least very long-term) storage of carbon in wood; on the other hand, long lifespan wood products (e.g. construction elements) could offer similar time horizons with the advantage of an effective utilization of wood. Other authors point out that the long lifespan of wooden construction elements is one of the barriers to increasing the responsibility of producers for the end-of-life phase (see Section 3.7.1). These inconsistencies underline the difficulty of developing a regulatory system that establishes a long-term perspective (e.g., 100 years of carbon storage) in a political system that focuses on stakeholder perspectives with short-to medium-term (economic) planning horizons.
Similarly, Suter et al. (2017) conclude that when forests are underexploited, an increased cascading use would lead to an underutilization of their full carbon storage potential. In contrast, Risse et al. (2017) conclude that the most important environmental benefit of increased wood cascading comes from the avoidance of resource extraction from the natural environment and, in particular, "from the avoided primary production of round wood." This shows again that the promise of a better resource utilization of cascading is strongly context dependent. Sathre and Gustavsson (2006) find that the most relevant factor in determining the carbon balance of a cascading chain is the (positive) effect on the land-use, followed by the material substitution effect (i.e. the avoided resource exploitation due to reusing/recycling a product). This result suggests that cascading practices should be fostered since they enable the intensification of wood use (Sathre and Gustavsson, 2006) . This is particularly important with regard to the current intense competition between the uses of wood resources for different purposes. Moreover, it has been argued that the exploitation of the full potential of wood harvesting in many forests is not optimal for biodiversity concerns; Werner et al. (2010) argue that the current level of knowledge is still insufficient to reach meaningful conclusions about the role of deadwood to protect and enhance biodiversity in forests.
In addition, the environmental benefits of cascading are also a function of the product type and durability, since they influence the whole cascade chain. Dornburg and Faaij (2005) find that biomass cascading has the potential of decreasing CO 2 emissions associated with biomass use, but that the extent of such reduction is largely dependent on the number of steps in each specific cascading chain.
Finally, the assessment of material and energy uses of wood (see Section 3.4) is also fostered by the hypothesis that the energy use of wood is carbon neutral. In other words, the assumption that the combustion of wood does not emit additional CO 2 into the atmosphere because of previous carbon sequestration in the wood. Such a simplifying hypothesis has undergone major debates (see Zanchi et al., 2012) , and Keegan et al. (2013) specifically call for its correction, claiming that it would deliver a strong case for favoring material over bioenergy use of wood.
Stakeholder involvement
Producers and consumers
Numerous authors identify non-technical and non-policy related aspects as relevant influencing factors for the implementation of cascading principles. In particular, some authors indicate the difficulty of involving the most relevant stakeholders of the wood product chains -, producers and consumers -as a relevant limiting factor (Fraanje, 1997; Höglmeier et al., 2017; Keegan et al., 2013) . Höglmeier et al. (2017) indicate that producers and consumers are "resistant" to manufacture or purchase particleboards from waste wood products. A major factor for this is a general lack of attention about endof-life disposal of products and for consumers, a lack of information about the composition of the materials (Keegan et al., 2013 ).
In addition, Fraanje (1997) points at the inherent difficulty of having wood manufacturers accountable for the disposal phase of their products. While the direct responsibility of producers for the end-of-life phase can be integrated into the production and distribution cycle for many materials (e.g., plastics or glass), the managing of many wood products is complicated by their very long lifespan (e.g., in construction). Production and end-of-life phases are thus considerably separate in time. Fraanje (1997) calls for additional regulations in this direction, but does not specify if this approach is suitable for all wood products or only specifically for those with a short lifespan. As previously mentioned, Husgafvel et al. (2018) suggest that the high potential for cascading lies in products such as packaging because of their small size and their short utilization phase.
Finally, particleboard producers are reluctant to use waste wood within their products because of the possible presence of chemical components (Höglmeier et al., 2017) which, in particular, could damage their reputation when selling products containing waste wood (Bergeron, 2014) .
Communication
The low level of information sharing among organizations and companies is a prominent factor linked to communication issues in the supply chain (Brunet-Navarro et al., 2018; Fraanje, 1997; Keegan et al., 2013; Winder and Bobar, 2018; Zander et al., 2016) . A general lack of knowledge about cascading is the basis of these problems. Lafleur and Fraanje (1997) deal with the possibility of increasing the implementation of cascading practices and indicate a strong barrier in the difficulty to correlate possible measures with end users. Similarly, Winder and Bobar (2018) find that "cascade use [is] a term unknown to some entrepreneurs."
Brunet-Navarro et al. (2018) specifically address that the private sector should be encouraged to disclose information about quality parameters of wood, especially since these actors have first-hand information that is otherwise difficult for researchers and policy-makers to gather in a reliable fashion. Winder and Bobar (2018) address the production side of the wood sector by tackling the lack of communication among architects and construction firms, which leads to a product design that does not favor the cascading use of wood material.
Moreover, Husgafvel et al. (2018) point at the necessity to implement "product-related intelligence" in the form of product declarations or other certification schemes to overcome market-based barriers deriving from poor information. Similarly, Suominen et al. (2017) call for the design and labeling of products based on considerations of circularity and inclusion of end-of-life options. Certified production and labels aim at increasing information sharing and, thus, at incentivizing cascading implementation.
Interrelations between influencing factors
Many studies mention and/or discuss several influencing factors; we identify some potential causal relationships among the main categories, summarized in Fig. 3 . Existing relationships among sectors were identified when categorization tends to overlap, i.e., when a statement dealt with more than one influencing factor at a time.
For example, the direct connection between the technical implementation and policy aspects of wood cascading is evident because of the many statements that deal with the need for legislative support to develop technology and expertise. Further links exist between environmental effects and policy. On the one hand, legal framework conditions such as the European Waste Framework Directive can guide the environmentally sound production, reuse and recycling of commodities. On the other hand, politics are promoting energy production from bio-based products rather than cascading. This is partly due to the challenges of determining the environmental impacts of cascading and the lack of data on possible benefits for CO 2 mitigation. Moreover, infrastructure and collection/sorting procedures are intertwined with policy and market aspects as well as design features. Finally, legal requirements like product codes or mandatory cascading could enhance communication between the production and recycling sector. The design phase will also determine the characteristics of collected wood products.
Discussion and conclusions
This paper set out to tap into the knowledge that research on wood cascading has built to inform current political and industry debates about possible transformation pathways to a CE. First of all, our findings demonstrate that cascading can be understood in diverse ways (e.g., cascading in time, in value or in function, Odegard et al., 2012) , that it encompasses a number of very different activities (e.g., recycling, reuse, remanufacture) and is, most of the time, a cross-sectoral concept (e.g., spanning across waste management, design, and energy management). Notably, these features resemble CE concepts as described in scientific reviews as well as in policy documents (European Commission, 2015; Geissdoerfer et al., 2017; Ghisellini et al., 2016) . Hence, the main factors influencing a transformation to wood cascading will likely provide important lessons for the establishment of a CE in bio-based sectors, i.e., a circular bioeconomy, as envisioned by several political debates in Europe (cf. Leipold and Petit-Boix, 2018) . To be sure, cascading is not as comprehensive as the concept of a circular bioeconomy. It is predominantly forest industries and related bio-based industries, such as pulp and paper, that discuss cascading. These industries face particular challenges that may not be comparable to others (e.g., a large variety in the lifetime of products). Hence, this analysis does not aim to generalize the particular findings on cascading to the wider CE debate. Instead, it aims to identify critical influencing factors and knowledge gaps to provide a starting point for a more structured debate about CE solutions in bio-based sectors. In the following, we first summarize the major lessons learned from the wood cascading literature that appear noteworthy with respect to current discussions on the transformation to a sustainable CE in bio-based sectors before outlining further research needs.
Lessons learned from the wood cascading literature
Substantial knowledge is available about influencing factors of cascading, which largely resemble barriers and enablers currently discussed under CE. For instance, a current analysis of barriers and enablers of a CE among EU stakeholders (Kirchherr et al., 2018) highlights lacking policies and lacking market viability as barriers to a CE. Our findings show that political incentives/barriers and market mechanisms are two of the most crucial factors that impact the realization of wood cascading. This importance is reflected both in the frequency of these two factors in the literature and in the multiple connections with many other influencing factors as described in Section 3.8. Furthermore, our study highlights that technical barriers are a significant influencing factor for implementation approaches to cascading. In particular, the wood cascading literature shows wood quality, additives and particle size to be obstacles for successful implementation. Notably, these potential technical barriers appear to remain under-appreciated in current political and stakeholder debates on the CE (Kirchherr et al., 2018; Leipold and Petit-Boix, 2018) . These technical barriers could potentially be of more relevance in a circular bioeconomy because natural fiber does not have the same properties for circulation as, for instance, metals or minerals (which usually can be recycled many times).
Some crucial influencing factors for cascading implementation are frequently highlighted but remain ill understood. One aspect that struck us most in the study is that while the cascading literature shows a certain consensus on the importance of some influencing factors, these have hardly been investigated. For instance, political incentive structures, the link between waste and energy policies or taxation policies were some of the influencing factors that featured in the majority of publications. At the same time, our review did not uncover a substantial body of peer-reviewed studies directly concerned with these policy issues. Instead, most publications we found had a technical, engineering or environmental science focus. Furthermore, many publications conclude that stakeholder involvement, awareness and communication are critical for the success of any transformation of current production and consumption towards more wood cascading. Yet, there is hardly any research specifically investigating what this involvement, awareness raising or communication needs to look like to be successful. In addition, the role of consumers and producers, which certainly is closely tied to stakeholder involvement and awareness, does not feature prominently in the literature. For instance, much of the cascading literature appears to operate under the assumption that the presence of chemical additives, paints and glues is required, even though it creates major problems for cascading. Very little research has been found that analyzes the technical necessity of or the consumer demand for chemical compounds. The wood cascading literature does not provide us with many insights on how to address these issues. As current CE debates often rely on or refer to the R framework, this knowledge gap is crucial as the framework calls for the intervention of different actors and processes and a strong involvement of society. Finally, social and political factors are not the only ones that lack an understanding, we also find that questions of design, currently a hot topic in CE debates (e.g., Bocken et al., 2016; European Commission, 2015) , are rarely explored in the cascading literature. One reason for this may be that cascading debates are often embedded in wider bioeconomy discussions that focus on waste wood mobilization (Fehrenbach et al., 2017; Haberl and Geissler, 2000) .
Influencing factors are interdependent. As Fig. 3 highlights, not a single influencing factor operates independently. While this is certainly not surprising, it still gives an indication of the expansive nature of any substantial change to production and consumption systems, as aimed for by recent CE policies (European Commission, 2018 . Although substantial knowledge is available on the different influencing factors, there is little evidence about the causal links between them. The multifaceted interdependencies make it difficult to separate causes from consequences, as well as to measure the degree of influence one factor has on another. This results in a high degree of uncertainty and, thus, disagreement about leverage points to improve cascading use and to foster a sustainable CE. Nevertheless, scholars discuss solutions that may have the potential to cut across different influencing factors. For instance, Husgafvel et al. (2018) argue that product declarations, certification schemes and databases with information on quantity, quality and relevant properties of wood products and waste could improve communication along the value chain and may overcome market-based barriers. Yet, the benefits of these informational instruments remain to be seen.
Not surprisingly, this high degree of interdependence makes a conclusive assessment of the environmental (or likewise social) benefits of certain cascading activities extremely challenging. Although current research and policy initiatives seek to develop coherent monitoring frameworks for a CE (e.g. Blomsma and Brennan, 2017; Elia et al., 2017; Pauliuk, 2018) , our review underlines a lack of accuracy and high degree of uncertainty related particularly to environmental assessment. For instance, several authors underline how complex it is to determine whether a cascaded product will embed more carbon than harvested products. Based on the variety of assumptions and results (e.g., diverging system boundaries, choosing single or multiple steps of cascading, identifying different substitute products), assessing the environmental benefits of cascading options is challenging. In addition, the majority of studies that incorporated environmental assessments point to the lack of reliable data as a major source of uncertainty and ambiguity in their results. Moreover, LCA studies cannot be compared because of the different functional units and system boundaries used. In addition, both cascading and CE solutions are inherently future-oriented. Predictions about the future present an even greater challenge for the assessment of environmental, social or economic benefits. Wood cascading is an excellent example of this challenge because of the long life cycle of some wood products, which can cover years, decades or longer, especially in the construction sector. The resulting loss of information, the different sectors involved and the missing responsibility of producers for end-of-life phases that are far in the future cause a challenge for reuse and recycling. Additionally, competition between material and energy uses of wood will determine the market trends and transacted volumes of wood (Hetemäki, 2014) , which are also difficult to predict. In consequence, cascading is easier to implement for in-sector circulation and products with a short lifetime. Besides the separated and efficient collection, the relatively short lifetime of paper and cardboard products is a main reason for the high rate of cascading use in this sector. With these examples, the cascading literature gives a good indication of the practical challenges for policy and business to identify and realize environmentally, socially and economically sustainable pathways.
Based on the knowledge gaps and high degree of interdependency between different influencing factors, some of the proposed political measures appear very optimistic. For example, several scholars point to a change in taxation and a cut in subsidies for fossil resources to support a change towards more wood cascading. Yet, even if subsidies for fossil resources and energy production from biomass are abolished, it is not certain whether cascading will gain importance because other barriers persist, like the high investments required for incineration facilities. In addition, a lack of specific incentives to promote and sustain the material use of wood is stated in the literature as an important barrier (e.g., Husgafvel et al., 2018; Taskhiri et al., 2016; Winder and Bobar, 2018) . However, detailed proposals for creating the desired level playing field are more concentrated on eliminating barriers such as the abolishment of subsidies for energetic uses and less on direct support for wood cascading. Finally, the insufficient coordination between energy and waste policies points to an incoherent policy framework. Such incoherencies are well known from other policy areas such as the bioeconomy (Meyer, 2017 ). Yet, coordination of policies across government ministries and policy areas is needed and remains a challenge in complex operating systems (Hetemäki et al., 2017 ; Organisation of Economic Co-Operation and Development, 2009) and there are few signs that this will change in the near future. Based on our findings, it also remains unclear to what degree coherence is possible at all.
The most relevant research needs to establish a circular economy in the bio-based sector
The analysis of the cascading literature highlights how complex the current production and consumption system of wood products is, and how many different, interlinked changes would be required to achieve more cascading or circular production and consumption. At the same time, we find that the cascading literature tends to list barriers for implementation from different viewpoints and gives policy limitations a high relevance. What is missing is a good understanding of causal relationships between the influencing factors, system dynamics and path dependencies as well as actor coalitions, conflicts of interest and policy formation. More research is needed on these issues. Furthermore, our review shows that some studies tend to operate on certain assumptions that have yet to be scrutinized empirically. Therefore, we propose the following research areas as the most relevant for further investigation:
▪ The analysis shows that the physical properties of wood products such as particle size or the presence of chemicals lay the foundation for reuse and recycling. It is assumed that the product design is the most important factor in this respect. Yet, the possibilities to influence product design have barely been explored. Important open questions remain regarding the drivers for current design (often assumed to be consumer demand), the most suitable incentives and starting points to foster design for a CE, and the benefits and limits of the establishment of responsibilities over the whole life cycle. ▪ The assessment of long-lived products is particularly challenging because changes in the design have no short-term impact on the possibilities of reuse and recycling. Instead, benefits occur with a considerable time lag. As long-lived products are of importance in the bio-based sector and political programs aim to expand and support this sector, it is urgently required to investigate possibilities and constraints of the sustainability assessment, carbon balancing and governance procedures related to such products. ▪ Our results underline that cascading research is focused on best utilization pathways for waste products. The same priority is observable in discussions on the bioeconomy (Priefer et al., 2017) and CE (Ghisellini et al., 2016) . Comprehensive analyses of the potentials of waste mitigation, both on the consumption and production side, are missing. Hence, we consider it worthwhile to investigate the potential contribution of changes in consumer behavior and production patterns aimed at the avoidance of waste generation for a sustainable CE. Although some research exists on new ownership models (e.g., Rückert-John and Jaeger-Erben, 2016) and collaborative use (e.g., sharing platforms, Hamari et al., 2016) , little is known about their market potential as well as possible rebound effects.
